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a b s t r a c t
Unreinforced masonry (URM) walls comprise vertical piers and horizontal spandrels, which together
form the lateral load resisting system. Whereas past research yielded signiﬁcant advances in the under-
standing of the force–deformation characteristics of masonry piers, knowledge of the behaviour of
masonry spandrels is lacking. This paper makes a contribution to our understanding of the seismic behav-
iour of brick masonry spandrel elements by describing typical behaviour modes and analysing the bound-
ary condition of spandrel elements in URMwalls. The main part of the paper concerns the development of
simple mechanical models for estimating the peak and residual strength of brick masonry spandrels,
which are supported either by a timber lintel or a shallow masonry arch. The proposed models are com-
pared against results from experimental tests on four masonry spandrels. It is found that predicted and
experimental values agree well.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Past seismic events have shown that unreinforced masonry
(URM) buildings are among the most vulnerable structures during
earthquakes. Inmanyparts of theworld, olderURMbuildingsbelong
to the cultural heritage and were constructed before seismic design
codes were introduced. Improved models of their force–deforma-
tion behaviour are required to assess their performance during seis-
mic events and to plan effective retroﬁtmeasures. A frequently used
method for the seismic analysis of URM buildings is the ‘‘equivalent
frameapproach’’ (e.g. [1,2]) or the ‘‘macro-modelling approach’’ (e.g.
[3–6]). Bothmodelling approaches require as input the force–defor-
mation characteristics of piers and spandrels (Fig. 1).
The last two decades yielded signiﬁcant advances in the under-
standing of the force–deformation characteristics of masonry piers.
Experimental test programmes on different pier conﬁgurations re-
vealed the typical failure mechanisms of URM piers. Mechanical
models for the strength of URM piers associated with these failure
mechanisms were developed and are included in today’s structural
engineering codes. The knowledge of spandrel behaviour is, how-
ever, lagging behind our understanding of the piers’ behaviour.
Although numerical analyses of masonry buildings have shown
that spandrel elements can have a signiﬁcant inﬂuence on the glo-
bal force–deformation behaviour of URM buildings (e.g. [1,2,7,8]),
only the FEMA 306 guideline [9] and the Italian seismic design
code OPCM [10,11] included strength criteria for masonry span-
drels. Of these two, the FEMA 306 equations seem to be the most
complete, as they speciﬁcally address peak and residual strengths
and consider for the peak strength also different types of failure
modes. However, they account neither for the redistribution of ver-
tical stresses in the spandrel under lateral loading nor for the con-
tribution of a timber lintel or masonry arch to the resistance of the
masonry spandrel.
This paper contributes to efforts to improve structural models
for the seismic analysis of URM buildings by proposing new equa-
tions for the peak and residual strength of brick masonry span-
drels. The equations can be used, for example, in equivalent-
frame or macro-element models to account for the contribution
of the spandrels to the global resistance of the URM building. Only
clay brick masonry spandrels in buildings with timber ﬂoors are
addressed in this paper. Neither the behaviour of stone masonry
spandrels nor the spandrel behaviour in URM buildings with rein-
forced concrete slabs or ring beams is covered here; the latter is the
topic of ongoing studies (see [12–14]).
The paper begins with the description of the typical force–
deformation behaviour and failure modes of the spandrel. Next is
a discussion of the boundary conditions of the spandrel within
an URM wall, namely the vertical stresses reaching from the piers
into the spandrel, the axial force applied to the spandrel and the
imposed deformations. The main part of the paper is dedicated
to the description of mechanical models for the peak and residual
strengths of brick masonry spandrels with timber lintels or ma-
sonry arches. The proposed models are then applied to four brick
masonry spandrels, which were tested experimentally [15,16].
2. Peak and residual strength
Experimental evidence has shown that the force–deformation
behaviour of brick masonry spandrels is often characterised by a
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particular shape of the envelope [15]. Fig. 2 shows an exemplary
force–deformation behaviour of a brick masonry spandrel in terms
of its axial force Psp and shear force Vsp (Fig. 3), which is described
hereafter. Once the spandrel cracks, it elongates and elements
restraining the spandrel’s elongation lead to an increase in axial
force in the spandrel. In masonry buildings, the axial elongation
of the spandrel is restrained by the adjacent piers and horizontal
steel ties, which are often present in ancient masonry buildings.
In experimental tests of masonry spandrels, the axial restraint is
simulated by horizontal steel rods (e.g. [15]). Both in buildings
and spandrel test units, an initial axial force Psp0 in the spandrel
can be caused by post-tensioning the horizontal steel rods. The on-
set of a strong degradation of the spandrel leads to a ﬂattening out
of the axial force–deformation relationship and sometimes even to
a reduction in the axial force in the spandrel with increasing defor-
mation. During the cyclic loading, the cracks in the spandrel will
open and close and the axial force in the spandrel will therefore
vary during the earthquake [15].
The shear force in the spandrel increases almost linearly up to
Vcr when the ﬁrst cracks form (Fig. 2). Thereafter, the stiffness
diminishes until the peak strength Vp is reached. Up until the peak
strength, the cracks in the spandrel remain rather small. The peak
strength is followed by a signiﬁcant drop in strength and thereaf-
ter, the cracks grow signiﬁcantly in width and number. The
strength between the rotations hr and hult is referred to as residual
strength, i.e., the strength of the spandrel after the formation of
either a ﬂexural or shear crack pattern in the spandrel. The residual
strength is closely related to the axial force in the spandrel. Since
after cracking the axial force in the spandrel tends to increase,
the shear force also increases. If the increase in axial force is large,
the residual strength might eventually surpass the peak strength.
The shear force–deformation envelope will ﬂatten out and the on-
set of degradation will eventually lead to failure.
For URM piers the ultimate deformation capacity of the piers
is often deﬁned as the deformation for which the shear strength
drops to 80% of Vp (e.g., [17,18]). For most spandrel conﬁgura-
tions, the drop in strength after attaining the peak shear strength
will exceed 20% Vp. Hence, if the same deﬁnition was applied to
the spandrels, the deformation capacity of most spandrels would
correspond to hp2 (Fig. 2). This might be overly conservative and
lead to rather small deformation capacities of the entire URM
wall. Many seismic assessment applications might therefore call
for considering explicitly the residual shear strength Vr of
spandrels.
This paper focuses on the peak and residual shear strength of
masonry spandrels that are associated with the formation of ﬂex-
ural and shear mechanisms; the shear strength is in the following
simply referred to as strength of the spandrel. Limit rotations are
not deﬁned and are the subject of future studies. However, the pro-
posed strength equations can be used to set-up simpliﬁed force–
rotation relationships for the spandrel elements:
 A linear elastic relationship up to Vp assuming that the initial
elastic stiffness can be computed as for piers, i.e., based on
homogenous section properties and a stiffness reduction factor
of 0.3–0.5 (e.g. [18]).
 A linear elastic – perfectly plastic relationship with a maximum
shear force of Vr and an initial stiffness as for the ﬁrst approach.
The current database is too small to propose reliable estimates
of the ultimate rotation. In the absence of better estimates, it is
suggested to assume similar deformation limits as for piers. The
European seismic design code, Eurocode 8 [19] suggests for shear
failure a pier drift limit of 0.4% and for ﬂexural failure of 0.8% H0/
D where H0/D is the shear ratio. For spandrels, these limits could
be adapted to 0.4% and 0.8% lsp/hsp, respectively (for the deﬁnition
of lsp and hsp see Fig. 3a).
Fig. 1. Old URM building during the L’Aquila earthquake on April 6th, 2009, showing spandrel failure (a). Schematic spandrel deformations within a masonry wall subjected
to seismic loading (b).
Fig. 2. Schematic dependence of the spandrel’s shear strength Vsp and axial force Psp
on the imposed deformation of the spandrel.
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3. Crack pattern and failure modes
Observations during post-earthquake surveys and experimental
tests have shown that for brick masonry spandrels two types of
crack patterns can be distinguished, i.e., a ﬂexural and a shear crack
pattern [15]. Flexural cracking is associated with the formation of
cracks that are approximately vertical. At the onset of cracking,
the ﬂexural cracks often pass through head and bedjoints
(Fig. 4a), but as the cracks become wider, more and more bricks
break and the crack passes mainly through head joints and bricks
(Fig. 4b). The resulting ﬂexural mechanism is therefore a rocking
mechanism on a rupture plane through head joints and bricks.
For spandrels with timber lintels the crack typically reaches
around the end of the timber lintel (Fig. 4); in spandrels with ma-
sonry arches the ﬁrst ﬂexural cracks appear typically in the arch it-
self and then spread into the spandrel (Fig. 5a). For this reason the
ﬂexural rupture planes are typically not absolutely planar but are
instead curved. The ﬁnal ﬂexural failure mechanism resembles a
rocking mechanism on the rupture plane.
The shear cracking of spandrel elements leads to the character-
istic X-type crack pattern (Fig. 5b), which is also known from the
shear failure of masonry piers. Shear cracking is common for squat
spandrels with large axial forces whereas ﬂexural cracking is typi-
cal for slender spandrels or spandrels with small axial forces [15].
In addition to ﬂexural and shear type of failure, mixed failure
modes have been observed, where, for example, at the beginning
ﬂexural cracks develop but – due to the increase in axial force with
increasing deformation – the residual strength is controlled by
shear failure. When the cracks are relatively wide, the out-of-plane
accelerations may lead to out-of-plane failure of the spandrel. This
type of failure is not considered when developing thereafter
mechanical strength models since it does not affect the peak and
residual strength signiﬁcantly; it may, however, control the ulti-
mate deformation capacity of the spandrel.
For piers, a third failure mode, i.e., the sliding shear failure, is
considered [17]. For spandrels, sliding is not a mechanism that is
capable of initiating the cracking of the spandrel because the shear
force acts perpendicular to the bed joints. The sliding mechanism
can, however, control the residual strength of the spandrel once
ﬂexural cracking leads to an approximately vertical rupture plane.
However, as outlined above, in most cases the rupture plane will be
curved, and hence the sliding failure of spandrels is rather unlikely
and will not be considered hereafter.
4. Boundary conditions of spandrels
The behaviour of the spandrels in URM walls during seismic
loading is largely controlled by the behaviour of the adjacent piers,
which deﬁne the boundary conditions of the spandrel element. The
boundary conditions can be described in terms of the imposed
spandrel displacement, the restraint against axial elongation of
the spandrel and the vertical stresses that reach from the piers into
the spandrel. The following sections discuss these boundary condi-
tions in more detail.
(a) (b) (c)
Fig. 3. Geometry of the spandrel (a) internal force diagrams of the spandrel (b) and spandrel deformation as a function of the vertical displacement and chord rotation of the
adjacent piers (c) (adopted from [8]).
Fig. 4. Flexural cracking of spandrel with timber lintel: Crack pattern for small rotations with ﬂexural cracks that follow the joints (a) and crack pattern for larger rotations
with ﬂexural cracks through joints and bricks (b) [16].
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4.1. Relationship between the deformations of piers and spandrels
During an earthquake the URM building is subjected to lateral
displacements, which are in the following expressed as drift hpier
of the piers. The deformation demand on the spandrel elements
is a function of the deformation of the adjacent piers and the geom-
etry of piers and spandrels (Fig. 2b). A ‘‘spandrel displacement’’ Dsp
and a ‘‘spandrel rotation’’ hsp can be computed as follows [8]:
Dsp ¼ Dypier1  Dypier2 þ hpier1 a1 þ
lsp
2
 
þ hpier2 a2 þ lsp2
 
ð1aÞ
hsp ¼ Dsplsp ð1bÞ
where Dypier,i and hpier,i are, respectively, the vertical displacement
and the chord rotation of the axis of the pier i at the height of the
spandrel, ai is the distance between the pier axis and the spandrel
face and lsp is the spandrel length (Fig. 3c). In a large masonry wall
with regular openings and pier dimensions, the equations for the
spandrel deformation simplify to:
Dsp ¼ hpierðlpier þ lspÞ ð2aÞ
hsp ¼ hpier ðlpier þ lspÞlsp ð2bÞ
where hpier is the average pier rotation at the height of the spandrel
and lpier is the pier length. Eq. (2b) shows that in a regular masonry
wall the rotation demand on the spandrels is larger than the rota-
tion demand on the piers.
4.2. Axial force in the spandrel
The axial force in the spandrel has a signiﬁcant effect on the
spandrel behaviour. As outlined in Section 2, the axial force Psp var-
ies as a function of the deformation demand on the spandrel. In a
building, the axial force in the spandrel can be typically attributed
to the restraining effect of horizontal steel ties and adjacent piers.
When the spandrels crack, they tend to elongate and are therefore
pulling the steel ties and pushing the piers apart. In buildings the
axial force in the spandrel will thus increase after the onset of
cracking and the spandrel strength after cracking is therefore not
a constant value (Fig. 2). In tests on masonry spandrels, the re-
straint provided by steel ties and piers is typically simulated by
horizontal steel ties. Note that in some tests on masonry spandrels
(e.g. TUA and TUC in [15]) the axial force applied by these steel ties
was kept constant throughout the test (Fig. 2). In other tests
(e.g.TUB and TUD in [15]), the steel ties are locked-in and hence
the axial force applied to the spandrel is not constant but depends
on the stiffness of the steel ties. Both setups constitute a simpliﬁ-
cation of the boundary conditions in real masonry walls. The sec-
ond test setup with locked-in steel ties results, however, in
boundary conditions that are closer to those in real masonry walls,
while the ﬁrst test setup is typically easier to model numerically.
4.3. Vertical stresses in the spandrel
The vertical loads applied to the spandrel are normally limited
to the self-weight of the spandrel, which can be neglected for most
engineering purposes. At the spandrel ends, however, a stress bulb
resulting from the vertical compressive stresses in the piers due to
gravity loads reaches into the spandrel. These vertical compressive
stresses play an important role when estimating the friction forces
that can be transmitted by the bed joints of the spandrel at sections
close to the piers [7,9]. The vertical stresses in the spandrel dimin-
ish from the end section to the midspan of the spandrel. The verti-
cal compressive stresses of the spandrel, rsp, can be expressed as a
fraction of the mean vertical stress in the piers rpier:
rsp ¼ cðxÞ  rpier ð3Þ
where c(x) is a function of the position along the spandrel axis x.
Fig. 6a shows the vertical stresses in a spandrel with aspect ratio
hsp/lsp = 1.25 for a vertical compressive stress in the pier of
rpier = 1.0 MPa. For this analysis, the masonry was modelled as
homogenous, elastic material and the models were analysed using
the program ‘‘Atena’’ [20]. Fig. 6b shows the results of a small para-
metric study for spandrels with different aspect ratios. The results
are evaluated in terms of the mean vertical stress over the height
of the spandrel as well as the vertical stress at the spandrel axis.
FEMA 306 [9] and Cattari and Lagomarsino [7] both account for
these clamping stresses on the bed joints when computing the ﬂex-
ural resistance of the spandrel. FEMA 306 suggests estimating the
mean clamping stress at the end of the spandrel as rsp = 0.5 rpier
whereas Cattari and Lagomarsino propose rsp = 0.65 rpier. Fig. 6b
shows that these fractions correspond approximately to the stress
at the spandrel ends.
Under lateral loads and in particular after the onset of cracking,
the compressive stress bulb reaching into the spandrel will be
Fig. 5. Flexural (a) and shear (b) cracking of spandrels with masonry arches [16].
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transformed into a compression strut, which has its origin in the
compression strut in the piers subjected to lateral loading and
which reaches into the spandrel (Fig. 7). Thus, after the onset of
cracking the vertical compressive stresses on the bed joints, which
are subjected to sliding displacements and which form the vertical
ﬂexural cracks in the spandrel, are rather small.
5. Strength of brick masonry spandrels
This section presents mechanical models and equations for
estimating the peak and residual strengths of a brick masonry
spandrels responding either in a ﬂexural or shear mode. First,
the peak and residual strengths of the brick masonry spandrel
alone are analysed. Next, the contributions of a timber lintel
(Fig. 8a) or a shallow masonry arch (Fig. 8b) to the strength of
the spandrel element are discussed. The proposed strength equa-
tions are summarised in the last part of this section. For the fol-
lowing calculations, the spandrel is assumed to be subjected to
an axial force and a shear force that are constant along the span-
drel element axis (Fig. 3c). The mean axial stress in the spandrel is
deﬁned as:
psp ¼
Psp
hsptsp
ð4Þ
where Psp is the axial force in the spandrel, hsp is the height of the
spandrel and tsp is the thickness of the spandrel. It was found that
the eccentricity ePsp of the axial force to the spandrel axis has only
a minor effect on the spandrel strength and can therefore be ne-
glected (Fig. 8). Moreover, in masonry walls the position of the
resultant of the axial stresses might be often unknown and difﬁcult
to estimate.
5.1. Peak strength of the brick masonry spandrel
The model for estimating the peak strength of masonry span-
drels was presented in a simpliﬁed form in [15]. For the sake of
completeness, the equations are brieﬂy summarised and general-
ised in terms of the maximum shear stress.
5.1.1. Flexural cracking
The ﬂexural peak strength can be estimated from the tensile
strength of the head joints and the interlock of the bed joints
[7,9]. The tensile strength of the head joints is estimated using
Fig. 6. Vertical stresses in the spandrel due to gravity loads: Vertical stresses in a spandrel with aspect ratio 1.25 (a) and mean vertical stresses and stresses at the element
axis for spandrels of different aspect ratios (b).
Fig. 7. Vertical stresses in spandrel when the wall is subjected to lateral loading: before the onset of cracking in the spandrel (a) and after the onset of cracking (b).
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the parabolic tension cut-off criterion for mortar joints proposed
by Rots and Lourenço [21]. The tensile strength of the head joint
is therefore:
fhj ¼ cp2lp
ð5Þ
where lp and cp are the friction coefﬁcient and cohesion, respec-
tively, which are describing the joint peak strength by means of a
Mohr–Coulomb relationship. The shear stress in the bed joints can
be transformed into an equivalent tensile strength [7,9]:
fbj ¼ lpc0:5rpier þ cp
  lb
2ðhb þ hjÞ ð6Þ
where lb/2 is the offset of the stepped ﬂexural crack and hb + hj the
average thickness of a brick plus a bed joint (Fig. 9). The stress
c0:5rpier is the average vertical stress on a bed joint at the spandrel
end, i.e., at the approximate location of the vertical crack (Section 4.3,
Fig. 6b). The total equivalent tensile strength of the uncracked ma-
sonry spandrel can be computed as the sum of the tensile strength
of thehead joints and theequivalent tensile strengthof thebed joints:
ft ¼ fhj þ fbj ð7Þ
Assuming a linear stress distribution over the height of the
spandrel, the peak moment for which a maximum stress of ft is ob-
tained can be calculated as follows:
Mp;fl ¼ ðft þ pspÞ
h2sptsp
6
ð8Þ
If it is assumed that the end moments induced by the seismic
loading are equal but opposite, the peak shear force associated
with the ﬂexural mechanism of the spandrel can hence be esti-
mated as:
Vp;fl ¼ 2Mp;fllsp ¼ ðft þ pspÞ
h2sptsp
3lsp
ð9Þ
5.1.2. Shear cracking
Assuming a rectangular cross section of the spandrel, the shear
stress distribution of the elastic, homogenous spandrel is parabolic
over the height. The theoretical shear force initiating shear crack-
ing of a masonry spandrel is therefore:
Vcr;s ¼ 23 smaxhsptsp ð10Þ
where smax is the maximum shear stress at midheight of the section.
It is assumed that the onset of shear cracking occurs in the bed
joints rather than the head joints since the compressive stresses
on the bed joints are typically smaller. The onset of cracking will oc-
cur at the section with the smallest shear resistance, i.e., at midspan
of the spandrel (Section 4.3). Assuming that shear cracking occurs
through the joints, the maximum shear stress at midspan is a func-
tion of the bed joint properties and the vertical stress on the bed
joint at the spandrel axis (c0rpier):
smax ¼ cp þ lp  c0  rpier ð11Þ
If the vertical stress on the bed joints is approximately zero,
Eq.(11) can be written as:
Vcr;s ¼ 23 cphsptsp ð12Þ
The peak shear strength is associated with the formation of a
crack through the head and bed joints over almost the entire height
of the spandrel. The peak shear strength is therefore also depen-
dent on the axial force of the spandrel and can be estimated as
the peak strength of the head joints:
Vp;s1 ¼ 23 ðcp þ lppspÞ  hsptsp ð13Þ
The interface of the head joints, which are assumed as fully mor-
tared, is assumed to be characterised by the same Mohr–Coulomb
law as the interface of the bed joints. If shear failure causes cracking
through the bricks, the peak shear strength of the spandrel can be
estimated similar to the shear strength of piers [17]:
Fig. 9. Geometry of bricks and mortar (adopted from [7]).
(a) (b)
Fig. 8. Geometry of spandrel with timber lintel (a) and masonry arch (b).
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Vp;s2 ¼ hsptsp f
0
bt
2:3ð1þ avÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ psp
f 0bt
s
ð14Þ
where f 0bt is the direct tensile strength of the bricks and av the shear
ratio of the spandrel, which is approximately av = lsp/2hsp.
5.2. Residual strength of the brick masonry spandrel
As for the peak strength, the residual spandrel strength is char-
acterised in terms of the shear and ﬂexural strength of the brick
masonry spandrel. The residual shear strength refers to the shear
strength after shear cracking and the residual ﬂexural strength to
the ﬂexural strength after ﬂexural cracking.
5.2.1. Residual strength after ﬂexural cracking
With increasing rotation, the resistance provided by the inter-
locking bricks tends towards zero for the following reasons: (i)
the tensile strength of the head joints and the cohesive strength
of the bed joints are lost; (ii) the vertical compressive stress on
the bed joints tends towards zero as the compression diagonal
develops (Fig. 7b); and (iii) more and more bricks break as a con-
sequence of local stress concentrations when the ﬂexural cracks
open (Figs. 4b and 10a). The residual strength after ﬂexural crack-
ing is therefore governed by a diagonal compression strut in the
masonry spandrel. Assuming a compression zone depth of
hc = Psp/0.85fhmtsp, the associated strength can be estimated as fol-
lows [10,11]:
Vr;fl ¼ Psphsplsp 1
psp
0:85f hm
 
ð15Þ
where fhm is the strength of the masonry in the horizontal direction,
i.e., parallel to the bed joints.
5.2.2. Residual strength after shear cracking
It is assumed that the masonry spandrel on its own, i.e., neglect-
ing the contribution of a timber lintel or masonry arch, does not
possess a reliable residual strength capacity after shear cracking.
5.3. Contribution of the timber lintel to peak and residual strength
This section discusses the effect of the timber lintel on the
strength of the spandrel element. The timber lintel is assumed to
be supported over a length sl in the adjacent piers (Fig. 8a). The
contribution of the timber lintel to the shear and ﬂexural peak
strength of the spandrel element is negligible as the timber lintel
is very ﬂexible and shallow when compared to the masonry
spandrel. However, after ﬂexural or shear cracking the timber lintel
can have a signiﬁcant inﬂuence on the residual strength of the
spandrel element.
5.3.1. Contribution of the timber lintel to residual strength after
ﬂexural cracking
If the spandrel is supported by a timber lintel, the timber lintel
will slip in and out of the surrounding masonry when the ﬂexural
cracks in the masonry spandrelopen and close (Fig. 10a). Fig. 10b
yields an idea of the interaction between masonry spandrel and
timber lintel as well as of the boundary conditions for the timber
lintel. Based on the observations during the tests on spandrels with
timber lintels and the failure mechanisms observed from damaged
buildings after earthquakes, the residual ﬂexural strength of a ma-
sonry spandrel with a timber lintel will be based on the mecha-
nism shown in Fig. 10a.
The movement of the timber induces stresses in the support of
the timber lintel. The vertical compressive stresses on the timber
lintel support, where the timber lintel is slipping out of the sur-
rounding masonry, are typically rather small (Fig. 10b). However,
the cohesive strength of the support can add to the residual ﬂex-
ural strength of the masonry spandrel until the support of the tim-
ber lintel fails and a mechanism forms in which the lintel support
rotates by hS with respect to the surrounding masonry (Fig. 10a).
The tension force T can be estimated as the cohesive force trans-
mitted in the bed joints:
T ¼ cptspsl ð16Þ
where sl is the support length of the timber lintel. The position of
the resultant T is difﬁcult to quantify and as a conservative estimate
the distance hT of the resultant T to the timber lintel is assumed to
be zero. The residual ﬂexural strength after ﬂexural cracking and
before failure of the timber lintel support is therefore (Fig. 10b):
Vr;fl0 ¼ Pspðhsp  hcÞ þ T hsp þ hl  hc2
  
 1
lsp
ð17Þ
where hl is the height of the timber lintel. The compression zone
depth hc can be estimated assuming a constant compressive stress
of 0.85fhm over the height of the compression zone:
hc ¼
Psp þ T2
0:85f hmtsp
ð18Þ
The compression diagonal is assumed to lie entirely in the masonry
spandrel and does not pass into the timber lintel since the masonry
spandrel is much stiffer than the timber lintel (Eq. (17), Fig. 10b).
The tension force T acts as long as the support of the timber lintel
(a) (b)
Fig. 10. Flexural mechanism of a spandrel supported by a timber lintel (a) and corresponding free body diagram (b).
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has not yet failed, i.e., for hS  0. After failure of the support, the
tension force T tends towards zero. The capacity is then equal to
the residual ﬂexural strength of a masonry spandrel without timber
lintel (Eq. (15)).
5.3.2. Contribution of the timber lintel to residual strength after shear
cracking
After shear cracking the compression strut can no longer follow
the diagonal of the spandrel but has to ﬂow around the disturbed
zone through which the diagonal cracks pass (Fig. 11a). The inter-
action of masonry spandrel and timber lintel after shear cracking of
the masonry is rather complex. It is approximated by a very simple
truss model, which should lead to conservative estimates of the
residual shear strength.
The masonry below the diagonal crack is assumed to remain
largely intact and can therefore transfer compressive stresses. It
is further postulated that the inclination of the compression diag-
onal in the masonry spandrel remains the same as before the shear
cracking and that the compression diagonal touches the timber lin-
tel at midspan (Fig. 11b). The exact position will depend on many
factors, such as whether there is a single diagonal crack or whether
several cracks are forming a larger disturbed zone. The timber lin-
tel is considered as a beam, which is simply supported at one end,
ﬁxed at the other and loaded by a point load at midspan. Based on
these assumptions, the shear force after shear cracking can be com-
puted as:
Vr;s ¼ 1116 Psp
hsp
lsp
ð19Þ
This shear force is limited by the capacity of the timber lintel Vtimber.
5.4. Contribution of the masonry arch to peak and residual strengths
Contrary to the timber lintel, the masonry arch tends to be stiff
and strong and often attracts forces even before the spandrel is
cracked. The shear strength carried by the masonry arch is largely
dependent on the geometry of the arch (Fig. 8b), i.e., on the arch
rise ra, the spandrel length lsp and the thickness of the arch ro–ri.
A number of studies on the behaviour of masonry arches subjected
to support deformations have been conducted (e.g., [22,23]). How-
ever, studies on the complex interaction of masonry spandrel and
masonry arch are lacking. As simple limiting cases, the arch can
be neglected or it can be considered as an additional structural ele-
ment parallel to the spandrel.
The following is a simpliﬁed approach for a shallow arch assum-
ing that the arch acts independent of the masonry spandrel be-
tween an extrados and an intrados hinge. An arch is considered
as shallow if the half angle of embrace b satisﬁes the following
equation:
cosb ¼ ri  ra
ri
P
ri
ro
ð20Þ
The dimensions ri, ro and ra are deﬁned in Fig. 8b. If the arch is stiff
when compared to the spandrel, the arch tends to separate from the
masonry spandrel (Fig. 12a). Support deformations require the
immediate formation of plastic hinges if the bricks are considered
as rigid [22,23]. The strength of the masonry arch for a given axial
force is limited by a compression strut tangential to the inner edge
of the arch. For a shallow arch, the compression strut is assumed as
tangential at one end of the arch. Assuming that the entire axial
spandrel force Psp ﬂows through the arch, the shear strength carried
by the arch can be estimated as (Fig. 12):
Varch ¼ Psp tanb ð21Þ
tanb ¼ lsp
2ðri  raÞ ð22Þ
The approximate position where the extrados plastic hinge will
form can be computed from the following set of equations:
hc ¼ Pspcosb  tsp  0:85f hm
ð23aÞ
xhinge ﬃ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2o  ðri þ hc=2Þ2
q
 cosb ð23bÞ
5.4.1. Contribution of the masonry arch to peak strength
If the strength of the masonry arch is calculated according to Eq.
(21), the strength of the masonry spandrel associated with ﬂexural
and shear cracking should be computed for a zero axial force in the
spandrel. The total peak strength is then approximately the peak
strength of the masonry spandrel plus the strength of the masonry
arch:
Vp;fl ¼ ft
h2sptsp
3lsp
þ Varch ð24Þ
The peak shear strengths associated with cracks through joints
and bricks, respectively, can be estimated as:
Fig. 11. Shear mechanism of a spandrel supported by a timber lintel (a) and corresponding free body diagram (b).
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Vp;s1 ¼ 23 cphsptsp þ Varch ð25Þ
Vp;s2 ¼ hsptsp f
0
bt
2:3ð1þ avÞ þ Varch ð26Þ
5.4.2. Contribution of the masonry arch to residual strength
The residual ﬂexural strengthmechanism is similar to that of the
masonry spandrel alone (Eq. (15)), but the masonry arch has the ef-
fect of increasing the effective height of the spandrel (Fig. 13a):
Vr;fl ¼ Psphtotlsp 1
psp
0:85f hm
 
ð27Þ
The residual strength of the masonry spandrel itself is assumed
negligible after shear cracking. However, as for the spandrel ele-
ment with a timber lintel, the masonry below the shear crack is as-
sumed to be capable of transferring compressive stresses. The arch
mechanism can therefore still be activated and the residual shear
strength is hence equal to the shear strength of the arch (Fig. 13b):
Vr;s ¼ Varch ð28Þ
5.5. Summary of equations for peak and ﬂexural strength
Tables 1 and 2 summarise the proposed equations for estimat-
ing the peak and residual strength of masonry spandrels with
timber lintels and shallow arches, respectively. Note that the
equations were derived for the purpose of estimating the
strengths of spandrels responding either in a ﬂexural mode or a
shear mode. Strictly speaking, the equations do therefore not al-
low assessing mixed mode failures, such as, for example, a span-
drel behaviour where ﬂexural cracking is followed by shear
cracking and shear failure. Note further that the equations do
only reﬂect the behaviour of the spandrel before the onset of
material degradation.
6. Comparison with experimental results
This section applies the previously described models for the
peak and residual strengths of masonry spandrels to four solid clay
brick spandrel elements that were tested experimentally and com-
pares the predicted strength capacities with the experimentally
determined values.
6.1. Quasi-static cyclic tests
Four test units representing solid clay brick masonry spandrel
elements and the adjacent piers were tested under quasi-static
cyclic loading [15,16]. The masonry spandrels included either a
timber lintel or a shallow masonry arch (Table 3). The test setup
imposed a drift on the two piers, which deﬁned the deformation
demand on the spandrel (Fig. 14). The axial elongation of the
(a) (b)
Fig. 12. Arch mechanism: Assumed mechanism and strut model for uncracked spandrel (a) and geometry of strut in arch (b).
(a) (b)
Fig. 13. Spandrel with shallow arch: Assumed load transfer mechanisms after ﬂexural (a) and shear (b) cracking.
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spandrel was restrained by horizontal tie rods. For two tests (TUA
and TUC), the axial force in the spandrel was kept constant over the
duration of the tests and hence independent of the imposed drift.
For the other two test units (TUB and TUD), the axial force in the
spandrel depended on the axial elongation of the spandrel and
the stiffness and strength of the tie rods. For this purpose, the
tension in the horizontal tie rods was not controlled by hollow core
jacks but the rods were locked-in at the beginning of the test and
hence the axial force in the spandrel depended on the axial elonga-
tion of the spandrel and the stiffness of the rods.
The quasi-static cyclic tests were accompanied by material tests
on mortar, brick and masonry, which are also documented in
[15,16]. Only those material properties are summarised in Table
3, which are required for the mechanical models presented in Sec-
tion 5. Note that TUA and TUB as well as TUC and TUD were con-
structed pairwise at the same time. For each construction phase
only one set of compression tests and shear triplets was con-
structed and tested; for this reason the masonry strength of TUA/
TUB and TUC/TUD are assumed to be equal. For determining the
peak strength, the most important property is the Mohr–Coulomb
relationship describing the maximum strength smax of the mortar
joints by the friction coefﬁcient lp and the cohesion cp. The tensile
strength of the head joints is estimated on the basis of cp according
to Eq. (5). The tensile strength ftb of the bricks was obtained from 3-
point bending tests on prisms. For calculating the shear strength
according to Eq. (14), an estimate of the direct tensile strength f 0tb
required. It is assumed that the direct tensile strength f 0tb can be
estimated by calculating two thirds of ftb. The horizontal strength
fhm of the masonry was not determined experimentally. As a ﬁrst
approximation, the fhm is taken as the strength of masonry prisms
fcm constructed as a stack of seven bricks loaded in the vertical
direction. Note that compression failure of the spandrel is not con-
sidered by the models in Section 5. The horizontal compressive
strength is only used to determine the depth of the compression
zone hc; the spandrel strength is therefore not very sensitive to
the assumed value of fhm.
6.2. Comparison of experimental and predicted strength values
The following two sections compare the predicted strength val-
ues with the experimentally obtained values for the spandrels with
timber lintels (TUA and TUB) and for the spandrels with shallow
masonry arches (TUC and TUD). To enable a more detailed discus-
sion, the following sections also comprise a brief description of the
cracking and failure modes; for a more detailed description the
reader is referred to [15,16]. The strength of masonry spandrels
is dependent on the axial force in the spandrel. For the comparison
of predicted and experimentally obtained strength values, the re-
corded axial force is used. The axial force in the spandrel was mea-
sured by load cells in the horizontal tie rods.
6.2.1. Masonry spandrels with timber lintels
Fig. 15 shows for TUA the comparison of the predicted to the
experimentally determined strength values. As test result, only
the envelope of the cyclic force–deformation curve is plotted; the
envelope of the positive loading direction is plotted as a solid line
and the envelope of the negative loading direction as a dashed line.
The plot includes both the shear force and the axial force obtained
from the test. The forces are plotted against the average pier rota-
tion hpier at the height of the spandrel (Section 4.1). The pier rota-
tion was computed from optical measurements of the pier
rotations at the height of the spandrel; the pier rotation therefore
excludes the deformation of the piers or the lever beams which are
included if the rotation demand is computed from the LVDTs
underneath the lever beams [15]. The graph also includes by
Table 2
Summary of strength equations for masonry spandrels with stiff, shallow masonry arches.
Flexural mode Shear mode
Onset of cracking: First cracks in the arch for very small rotations (Eqs. (21) and (22)):
Vcr ¼ Varch ¼ Psp tan b with tanb ¼ lsp2ðriraÞ
Peak strength (Eqs. (9) and (10)): Peak strength (cracks through joints, Eq. (25)):
Vp;fl ¼ ft h
2
sp tsp
3lsp
þ Varch Vp;s1 ¼
2
3 cphsptsp þ Varch
with Peak strength (cracks through bricks, Eq. (26)):
ft ¼ ðlpc0:5rp þ cpÞ lb2ðhbþhjÞ þ
cp
2lp
Vp;s2 ¼ hsptsp fbt ’2:3ð1þav Þ þ Varch
Residual strength (Eq. (15)): Residual strength (Eq. (28)):
Vr;fl ¼ Psphtotlsp ð1
psp
0:85f hd
Þ Vr;s ¼ Varch
Table 1
Summary of strength equations for masonry spandrels with timber lintels.
Flexural mode Shear mode
Onset of cracking: Not considered Onset of cracking (Eq. (12)):
Vcr;s ¼ 23 cphsptsp
Assumption: The stress on the bed joints at midspan is approximately zero.
Peak strength (Eq (9)): Peak strength (cracks through joints, Eq. (13)):
Vp;fl ¼ ðft þ pspÞ h
2
sp tsp
3lsp
Vp;s1 ¼ 23 ðcp þ lppspÞ  hsptsp
with ft ¼ ðlpc0:5rpier þ cpÞ lb2ðhbþhjÞ þ
cp
2lp
Peak strength (cracks through bricks, Eq. (14)):
Vp;s2 ¼ hsptsp f
0
bt
2:3ð1þav Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ pspf 0
bt
q
Residual strength before failure of lintel support (Eqs. (16)–(18)): Residual strength (Eq. (19))):
Vr;fl0 ¼ ðPsp hsp  hc
 þ T hsp þ hl  hc2 Þ  1lsp V ¼min 1116 Psp hsplsp ;Vtimber
 
with T ¼ cptspsl and hc ¼ Pspþ
T
2
0:85f hmtsp
Residual strength after failure of lintel support (Eq. (15)):
Vr;fl ¼ Psphsplsp ð1
psp
0:85f hm
Þ
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Table 3
Loading scheme, spandrel type and details of the axial force application for the four test units (after [15]).
Test unit Spandrel type Mean vertical stress in piers Axial force in spandrel Material properties
TUA Timber lintel 0.33 MPa Constant ﬁrst 80 kN, then 40 kN smax = lpr + cp = 0.85r + 0.35 MPa
TUB Timber lintel 0.33 MPa Variable, plain bar with low axial stiffness fcm = 18.0 MPa
TUA: ftb = 8.5 MPa
TUB: ftb = 7.0 MPa
TUC Masonry archa 0.43 MPa Constant 80 kN smax = lpr + cp = 0.73r + 0.18 MPa
TUD Masonry archa 0.43 MPa Variable, plain bar with high axial stiffness fcm = 14.7 MPa
TUC: ftb = 6.5 MPa
TUD: ftb = 5.0 MPa
a Geometry of masonry arch: ri = 1505 mm, ro = 1755 mm, ra = 120 mm (Fig. 8b).
Fig. 14. Test setup for spandrel tests. Side restraint is not shown. All dimensions are in (mm). (LF = Hollow core jacks connected to load follower, which maintains constant oil
pressure) [15].
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means of letters annotated in Table 4 important observations that
were made during the test.
As the limit rotation that marks the transition between peak
and residual strength is not yet known, the results for the equa-
tions of the cracking and peak strength are arbitrarily plotted up
to a rotation of 0.5% whereas the results for the residual strength
equations are plotted from 0.1% to the ultimate rotation. The two
different plotting ranges were chosen to help the reader distin-
guish between the results of equations estimating the peak
strength and the residual strength, respectively. To ease the read-
ability of the graph, only the strength values computed with the
axial force recorded for loading in the positive direction are plotted
since for all tests the behaviour in the two loading directions was
rather similar. The graph contains the peak and residual capacities
for ﬂexural and shear dominant behaviours; not included in the
graphs is the strength associated with shear cracking through the
bricks (Eq. (14)), as it led for all spandrels to a strength signiﬁcantly
higher than the strength associated with shear cracking through
the joints (Eq. (13)).
TUA was tested with a constant axial force Psp in the spandrel,
i.e., during the testing the load in the horizontal tie rods was kept
constant by means of two hollow core cylinders. However, due to
some problems with the test setup, the axial force Psp in the span-
drel was reduced from 80 kN to 40 kN at a pier drift of approxi-
mately 0.2%. The peak strength of TUA was obtained for an axial
force of 80 kN. TUA developed ﬁrst a ﬂexural crack pattern, and
at peak strength a shear crack developed. Fig. 15 shows that for
TUA the computed peak ﬂexural strength was 107 kN, which over-
estimates the observed strength by 7%. At the peak strength, the
computed shear cracking strength was reached, and shortly after-
wards a shear crack formed (Point B). Note, that although the
agreement between predicted and observed behaviour is in this
case excellent, strictly speaking the equation for predicting the
shear cracking strength is not applicable once the spandrel has
developed a ﬂexural crack pattern. The drop in residual ﬂexural
strength was caused by the reduced axial force in the spandrel.
The residual experimental strength agrees very well with the pre-
dicted residual ﬂexural strength before and after failure of the lin-
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Fig. 15. TUA: Comparison of experimental and predicted shear strength values of the spandrel.
Table 4
TUA–TUD: observations during testing [15].
Test unit Point Observation
TUA A Flexural cracking for both loading directions (hpier  0.1%)
B Shear cracking for the negative loading direction (hpier  0.2%)
C Shear cracking for the positive loading direction (hpier  0.6%)
D Failure of the lintel support for the positive loading direction (hpier  2.0%)
TUB A Flexural cracking for both loading directions (hpier  0.2%)
B Onset of degradation of one lintel support (hpier  1.0%)
C Lintel support fails; almost simultaneously rupture of one of the horizontal bars (hpier  1.5%)
TUC A First cracks in arch (hpier  0.025%, i.e., during the ﬁrst load cycle)
B Crack, which started in arch, turns into a shear crack (hpier  0.05%)
C Shear crack over entire height of spandrel for the positive loading direction (hpier  0.1%)
D Shear crack over entire height of spandrel for the negative loading direction (hpier  0.2%)
E Fracturing of outer bricks of arch due to large compressive stresses (hpier  0.8%)
F Failure of arch (hpier  1.9%)
TUD A First cracks in arch (hpier  0.05%)
B Flexural crack pattern develops, no shear cracks (hpier  0.2%)
C First shear cracks (hpier  0.3%)
D Onset of damage to bricks forming arch (hpier  0.8%)
E Shear cracks through arch, i.e., arch is heavily damaged (hpier  2.0%)
F Final failure of arch (hpier  3.0%)
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tel support (Point D). In the test, however, not a pure ﬂexural
mechanism but rather a mixed ﬂexural–shear mechanism devel-
oped [15]. The residual shear strength attributed to the timber lin-
tel underestimates the experimental residual strength of the
spandrel underlining again that the proposed equations are limited
to either a shear or a ﬂexural mode but have limited capabilities in
predicting the strength of spandrels developing ﬂexural–shear
mechanisms.
TUB was tested with an axial spandrel force that depended on
the elongation of the spandrel. TUB developed a pure ﬂexural
mechanism. Fig. 16 shows that the peak ﬂexural strength is well
captured by the mechanical model. After the peak, the drop in
strength is not immediate but occurs at a rotation of hpier  0.2%.
In the following, the residual strength increases because the axial
force in the spandrel increases. At hpier  0.8% the experimental
shear strength ﬂattens out although the axial force in the spandrel
continues to increase. Such behaviour marks the onset of the deg-
radation of the residual mechanism (see Fig. 3), which is conﬁrmed
by the observed onset of failure of a lintel support at Point B. Be-
tween Point B and Point C, the experimental spandrel strength thus
lies between the predicted values before and after failure of the lin-
tel support. At Point C the lintel support failed but one of the hor-
izontal ties also ruptured. Hence, the axial force and therefore also
the shear force in the spandrel suddenly dropped to zero.
6.2.2. Masonry spandrels with shallow arches
TUC was tested with a constant axial spandrel force of approx-
imately 80 kN (Fig. 17). The ﬁrst crack that developed was within
the shallow masonry arch and this crack developed during the ﬁrst
load cycle. After this ﬁrst crack, the spandrel strength increased
until at Point C a shear cracked over the entire height of the span-
drel formed. The peak shear strength is well predicted by the pro-
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Fig. 16. TUB: Comparison of experimental and predicted shear strength values of the spandrel.
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Fig. 17. TUC: Comparison of experimental and predicted shear strength values of the spandrel.
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posed model. The predicted peak ﬂexural strength lies only slightly
above the predicted peak shear strength; the formation of some
ﬂexural cracks in the masonry spandrel was therefore expected
and observed [15] although the ﬂexural cracks did not dominate
the behaviour of the spandrel element. After the formation of the
shear cracks over the entire height of the spandrel, the spandrel
strength dropped to its residual value. Note that the proposed
model suggests that both the shear force marking the onset of
cracking and the residual shear strength of a spandrel element
with a masonry arch can be estimated as the shear force carried
by the arch alone (Section 5.4). Fig. 17 shows that the proposed
model also accurately captures the residual shear strength. This
situation holds up to Point E, which marks the onset of degradation
of the masonry arch. Damage and failure of the masonry arch was
not considered in the proposed model; the behaviour beyond Point
E could therefore not be captured.
TUD was tested with an axial force that depended on the axial
elongation of the spandrel element (Table 3). In comparison to
TUB, which was also tested with a variable axial force, the horizon-
tal steel ties were much stiffer; i.e., for the same elongation, the in-
crease in axial force was larger. As for TUC, the onset of cracking
occurred in the arch at very small drift demands (Fig. 18, Point
A). Due to the small axial force at the beginning of the test, these
cracks in the arch did, however, not turn into shear cracks as for
TUC, but rather into ﬂexural cracks. Shortly after all ﬂexural cracks
had formed (Point B), the ﬁrst shear cracks developed (Point C).
This observation agrees well with the predicted peak ﬂexural and
shear resistance, which also lead to very similar values. The strong
increase in axial force changes the behaviour from an originally
ﬂexure-dominant behaviour to a shear-dominant behaviour that
controls the residual strength of the spandrel. As for TUC, the pro-
posed model captures the residual shear strength well up to Point
D, which marks the onset of damage to the arch. Subsequently, the
proposed model overestimates the shear strength of the spandrel
element.
7. Conclusions
Realistic seismic assessments of URM buildings with timber
ﬂoors need to account for the effect of the masonry spandrels on
the global behaviour of the system. As a ﬁrst step, the paper pro-
poses simple mechanical models that describe in an approximate
manner the force transfer mechanisms in the brick masonry span-
drels at peak and residual strength. The input parameters for these
models are the geometry of the spandrel element, material proper-
ties, which can be determined from standard material tests, and
the axial force in the spandrel element.
The comparison of the predicted strength values to experimen-
tal results obtained from four quasi-static cyclic tests on masonry
spandrels showed that the proposed models are able to predict the
dominant mechanism and the corresponding peak and residual
strength of the spandrel. The models were not derived for captur-
ing mixed-mode behaviour including both shear and ﬂexural
cracks and for the two test units TUA and TUD exhibiting such
behaviour, the difference between predicted and experimental
behaviour was slightly larger. Future work should therefore in-
clude such mixed-mode behaviour and expand the models to ma-
sonry spandrels supported on different types of arches. In addition,
the interaction of masonry spandrel and timber lintel or masonry
spandrel and masonry arch should be investigated in greater detail
in order to reﬁne the proposed models. The results of this work
have underlined that the strength of masonry spandrels is highly
dependent on the axial force in the spandrels. Future research
should therefore also develop models which allow estimating the
axial force in the spandrel in URM wall conﬁgurations.
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